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Culture of endothelial cells from baboon and human glomeruli
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Culture of endothelial cells from baboon and human glomeruli.
Whereas mesangial and epithelial cells from glomeruli are commonly
grown in vitro, there has been a failure to isolate and propagate human
glomerular capillary endothelial cells. This study defines the conditions
for the reproducible isolation and growth of homogeneous monolayers
of primate (baboon and human) glomerular capillary endotheial cells.
Using selective media and growth factors, the following criteria were
identified to optimize the isolation and proliferation of glomerular
endothelial cells: (1) collagenase treatment of isolated glomeruli; (2)
requirement for 20% serum, endothelial cell growth factor and heparin;
(3) requirement of fibronectin as surface matrix; and (4) isolation from
donors less than 60 years old, as premature senescence was directly
proportional to the age of the human kidney donor. Under these
conditions, primary cultures with an endothelial cell composition
greater than 70% were reproducibly obtained. Homogeneous endothe-
hal monolayers were developed from 20 of 23 human kidneys, and
maintained for 5 to 10 passages, depending on the age of the kidney
donor. Purification to homogeneity was achieved by patch cloning or by
fluorescence-activated cell sorting. Glomerular capillary endothelial
cells exhibited a cobblestone morphology at confluence, expressed
factor Vill-related antigen, angiotensin converting enzyme activity,
and endocytosed acetylated low-density lipoproteins. Electron micros-
copy revealed the presence of intracellular Weibel-Palade bodies and
eaveolae and microvillous projections on the luminal surface. Glomer-
ular cells also stained positive for Ulex europaeus, a lectin character-
istic of human endothelial cells. In addition, preliminary results indicate
that human glomerular endothelial cells increase intracellular cyGMP in
response to a-human 5 to 28 atrial natriuretic peptide and intracellular
free calcium in response to thrombin.
The endothelium is a metabolically active tissue lining blood
vessels throughout the body with distinctive characteristics and
essential functions. Differences are recognized between endo-
thelia isolated from different species, as well as from different
vascular beds within the same species [1]. Whereas the prop-
erties of large vessel endothelium have been extensively stud-
ied, characterization of endothelial cells from capillary beds has
been limited, particularly for endothelia derived from human
capillaries.
In the kidney, the glomerular capillary endothelium has a
central interactive role with other cell types. It is, however, not
amenable to study in vivo; and, unlike mesangial cells, glomer-
ular endothelial cells have proven extremely challenging to
investigate in vitro [2—5]. Major difficulties in developing homo-
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geneous cultures of glomerular endothelial cells are the propen-
sity of mesangial cells to overgrow other glomerular cell types
[5], and the fastidious rate of growth exhibited by capillary
versus macrovascular endothelium [6]. In 1984, Striker et al [21
reported on human glomerular endothelial cells grown in vitro
in the presence of platelet-derived growth factor (PDGF).
However, propagation in vitro was not possible for prolonged
periods and attempts at transfection, while prolonging in vitro
lifespan, did not yield pure cultures of cells [7]. Recently,
bovine glomerular capillary endothelial cells were successfully
maintained in culture using fibroblast growth factors and hep-
arm in the culture medium [5, 8].
We report our experience with the isolation, propagation and
characterization in culture of endothelial cells derived from
baboon and human glomerular capillaries, and identify several
criteria for their reproducible development in vitro.
Methods
Materials
Human fibronectin (HFN), endothelial cell growth supple-
ment (ECGS) and platelet-derived growth factor (PDGF), acidic
and basic fibroblast growth factor (FGF) were obtained from
Collaborative Research Inc. (Bedford, Massachusetts, USA).
Collagenase type III was purchased from Worthington Biomed-
ical (Freehold, New Jersey, USA). Gelatin, fetuin, thrombin,
collagenase Type V, and PDGF were obtained from Sigma
Chemical Co. (St. Louis, Missouri, USA). Human alpha-atrial
natriuretic peptide (5-28) (ANP) was purchased from Peninsula
(Belmont, California, USA).
Cell culture reagents including Waymouth MB 752/1 medium,
RPM! 1640 medium, Medium 199, penicillin, streptomycin,
glutamine, Hank's gentamicin, Hank's balanced salt solution
(HBSS), Dulbecco's modified Eagle's medium, heparin sodium,
Ham's F12 medium and phosphate buffered saline (PBS) were
obtained from Gibco Laboratories (Grand Island, New York,
USA); Nu-Serum and ITS Premix from Collaborative Research
(Lexington, Massachusetts, USA); Fetal bovine serum (FBS)
from Hyclone Laboratories Inc. (Logan, Utah, USA); fluores-
cein (FITC)-conjugated swine anti-rabbit IgG, rabbit antisera to
human von Willebrand's factor (#A082), Ulex europaeus
X0921 (UEA-l) and the corresponding rabbit anti-B279 UEA-1
from Dakopatts (Carpinteria, California, USA); anti-cytokera-
tin pan against cytokeratins 1-19, and the FITC-conjugated
anti-mouse IgG from Boehringer-Mannheim Biochemicals (In-
dianapolis, Indiana, USA); antimyosin and anti-rabbit Ig-FITC
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from ICN Immunobiological (Lisle, Illinois, USA); acetylated
low density lipoprotein labeled with 1,1' dioctadecyl- 1 -3,3,3 '3'-
tetramethyl indocarbocyanine perchlorate (Dil-Ac-LDL) from
Biomedical Technologies Inc. (Stoughton, Massachusetts,
USA); Rhodamine-conjugated phalloidin from Molecular
Probes (Eugene, Oregon, USA) was used to detect actin.
Primaria tissue culture dishes and flasks were purchased from
Scientific Products (Stone Mountain, Georgia, USA); Nylon
meshes were obtained from Tetko Inc. (Elmsford, New York,
USA). The tritiated peptide benzoyl phe-ala-pro was obtained
from Ventrex Labs (Portland, Maine, USA); and tritiated
thymidine (20 Ci/mmole) was from Amersham International
(Amersham, UK).
Glomerular isolation
Studies were performed with baboon (Papio hamadryas) and
human kidneys. Baboon kidneys, removed from animals under-
going uninephrectomy [9], were perfused with isotonic saline.
Cadaveric human kidneys not used for renal transplantation
because of technical or immunological reasons were perfused
with cold silica gel fractionated cryoprecipitated plasma for up
to 96 hours before glomerular isolation. All isolation procedures
were performed under sterile conditions on ice at room temper-
ature.
Glomeruli were isolated using a modification of the method of
Misra [10]. In brief, slices of cortex were separated from the
medulla, minced with a scalpel, and pushed through a stainless
steel 250 j.m screen. The cortical mash was collected in HBSS
containing penicillin (100 U/ml), gentamicin (25 sg/ml) and
streptomycin (100 pg/ml). The glomerular suspension was
washed and centrifuged four times at 800 g until rendered blood
free. The suspension was then sequentially filtered through
nylon sieves (Nitex) with pore sizes of 210 and 150 p(for adults)
or 100 pm (for children). Glomeruli retained by the 150 or 100
tm sieve were collected in a sterile cup, centrifuged twice at
800 g for three minutes in HBSS containing antibiotics and
resuspended in Waymouth containing 20% FBS and antibiotics.
To break the glomerular capsule, the preparation was aspirated
in a polystyrene syringe and passed several times through a 25
gauge needle. The glomeruli were then centrifuged, washed and
resuspended in Waymouth MB 752/1 supplemented with 20%
FBS, fetuin (100 sg/ml), glutamine (2 mM) and antibiotics. This
solution served as basal culture medium. This method of
isolation consistently yielded preparations of decapsulated gb-
meruli 99% pure, free of afferent or efferent arteriole.
Co/la genase treatment
To determine the effect of collagenase treatment on glomer-
ular attachment and initial cell outgrowth, isolated glomeruli
were incubated at 37°C for 15 to 30 minutes in 50 ml of sterile
Waymouth containing 2 mg!ml of collagenase type V (Sigma;
650 U/mg) or type III (Worthington; 100 U/mg). The glomerular
pellet was then resuspended in basal culture medium, centri-
fuged and filtered sequentially by gravity through 100 m and 52
pm nylon sieves. Glomerular segments retained by the 52 m
filter were collected in a sterile cup by passing a jet of basal
medium with a syringe through the filter mesh.
Primary cultures
Cell cultures were initiated by plating onto various surfaces
isolated intact glomeruli or collagenase-treated glomerular seg-
ments in basal culture medium with and without various mito-
gens previously reported to stimulate the proliferation of capil-
lary endothelial cells. The latter included ECGS or ECGF (200
g/ml), heparin (100 jsg/ml), PDGF (2 ng/ml) and medium
conditioned with the supernatant obtained from a human hepa-
toblastoma cell line (HepG2) diluted 1:1 with basal culture
medium. HepG2 cell lines were provided by Dr. Ronald Gold-
berg, Division of Endocrinology, University of Miami School of
Medicine. The hepatoma conditioned medium was prepared as
described by Folkman, Haudeschild and Zetter [11]. ECGF was
semi-purified from bovine brain as described by Maciag et al
[121.
Purification and propagation
Microcolonies with a cobblestone appearance were selected,
mechanically harvested with a rubber "policeman" and trans-
ferred onto either HFN, gelatin, or Primaria coated 24-well
plates, dishes, or 25 cm2 flasks. Patches of "endothelial" cells
were cloned at a density of about 5000 cells/cm2 without the use
of proteolytic enzymes. Early passages were split in a 1:3 to 1:5
ratio; beyond passage 5 however, a split ratio of 1:2, exposure
to 0.05% trypsin- 0.02% EDTA and a cell density of 1 x iø
cells/cm2 were necessary.
Alternatively, endothelial cells were separated by fluores-
cence-activated cell sorting (FACS) (FACSTAR PLUS, Becton
Dickinson Flow Cytometer, San Jose, California, USA), as
described by Voyta et al [13]. After incubation with Dil-Ac-
LDL (vide infra), the cells were exposed to trypsin/EDTA
(0.05/0.02%) for one minute, resuspended in Waymouth without
serum, sorted and recovered. The excitation wavelength was
514 nm, and emission at 575 nm with a photomultiplier sensi-
tivity set at 1200 my. For each experiment, the gates were set
using bovine pulmonary artery endothelial cells as positive
control, and human mesangial cells as negative control. All
primary cultures and subcultures thereof were maintained at
37°C in 5% C02-95% air in a cell culture incubator (Queue
System Inc., North Branch, New Jersey, USA). The culture
medium was replaced thrice each week.
Proliferation assays
To evaluate the effects of various concentrations of serum
and mitogens on endothelial cell proliferation, homogeneous
cultures were plated at a density of 5000 to 10000 cells/well in
basal medium containing ECGF and heparin. At semi-conflu-
ence (24 to 48 hrs) the cells were placed in medium containing
2% FBS and 8% NuSerum for 18 to 24 hours. The cells were
then incubated for 48 hours in basal medium containing 2% or
20% FBS and supplemented with ECGF, heparin, acidic FGF,
basic FGF, PDGF or HepG2 conditioned medium. The cells
were then washed and overlaid with Waymouth containing 1
sCi/ml of 3H-thymidine for four hours at 37°C. After washing
twice with cold HBSS and twice with ice-cold 6% trichloroace-
tic acid (TCA) for five minutes, the cell monolayer was ex-
tracted with ethanol and dried. The TCA insoluble extract was
dissolved in 0.5 N NAOH, neutralized with 0.5 N HCL and
counted in a liquid scintillation counter. Similarly treated wells
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Fig. 1. Pattern of endothelial cell growth from isolated human glomeruli. A. Ring-like pattern typical of capillary endothelial cells growing from
glornerular fragment (days 2—4). B. Cluster of cells growing in cylindrical formation. C. Endothelial cells grow closely apposed in discrete
microcolonies (day 7). D. A well-organized growth front characterizes the growth plate of human glomerular endothelial cells.
Table 1. Effect of collagenase treatment on the interval (in days)
necessary for glomerular attachment and development of primary
endothelial cell cultures from human and baboon glomeruli
Collagenase
Human
(—)
(N = 4)
(+)
Baboon
(—)
(N 2)
(-1-)
Glomerular attachment 6—19 1—3 5—7 1—2
Cell outgrowth 7—19 2—10 8—10 4—10
Cobblestone 20—40 10—20 15 12
microcolonies
Glomeruli were plated in HFN coated flasks in basal medium (see
Methods) containing 200 g/ml ECGF and 100 .tg/ml heparin.
were cultured in parallel without 3H-thymidine for cell counting
either in a hemocytometer or a Coulter counter system (Coulter
Electronics, Hialeah, Florida, USA). The average results from
triplicate/quadruplicate experimental wells were compared with
values obtained in control wells containing basal medium with
2% or 20% serum only.
Surface matrix
The effect of matrix on cell proliferation was separately
evaluated by plating homogeneous cell lines of endothelial cells
Table 2. Effect of collagenase treatment and mitogens on initial
outgrowth of endothelial cells from human and baboon glomeruli
Human
20% FBS
PDGF 2 ng/ml
HepG2 1:1
ECGF 200 g/m1 + heparin
100 g/ml
ECGF 200 tg/ml + 100 sg/ml
heparin
Baboon
PDGF 2 ng/ml
HepG2 1:1
ECGF 100 g/m1 + heparin
100 g/m1
ECGF 100 igIml + heparin
100 g/ml
Dil-Ac-LDL
positive
cells %
Glomeruli were plated in HFN coated flasks in basal medium (see
Methods). After 7 to 10 days the initial outgrowth was incubated with
Dil-Ac-LDL and examined for intracellular fluorescence. Three to 8
studies were performed under each experimental condition.
Mitogens
Collagenase
treatment
+
— and +
+
+
— and +
— and +
+
5
5
10
3—5
70+
1—5
i—s
<10
70+
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Fig. 2. Confluent monolayers of human endothelial cells 20 days after glomerular plating.
at a density of 10000 cells/well onto either HFN, gelatin,
laminin or plastic surfaces in basal medium containing ECGF
and heparin. Flasks and plates were prepared within 72 hours
before use. HFN, laminin, and gelatin coating was prepared as
described by Gospodarowicz et al [14] and Maciag et al [12]. A
thin coat of sterile magnesium and calcium-free PBS containing
laminin (10 tg/ml), HFN (100 sgIml) or gelatin (0.2%) was
added to Corning plastic tissue culture flasks. Gelatin-coated
flasks were kept overnight at 4°C and incubated at 37°C imme-
diately before use. Laminin and HFN coated flasks were kept at
room temperature for 45 minutes before plating. Immediately
before plating the excess solution was removed, and the flasks
were rinsed with basal culture medium. After 12 days, the cells
were counted with a hemocytometer or a Coulter counter. Cells
grown on plastic served as reference.
Identification assays
Primary and daughter cultures were identified utilizing mor-
phologic, microfluorescent and biochemical criteria.
1. Phase contrast microscopy. Outgrowths from intact gb-
meruli and collagenase treated glomerular fragments as well as
subcultures thereof were examined daily with a Nikon inverted
phase contrast microscope (Model Diaphot TMD). Pictures
were obtained at various intervals using 1600 ASA film.
2. Fluorescent Microscopy. (a.) Uptake of Dil-Ac-LDL. The
fluorescent probe Dil-Ac-LDL was used to identify endothelial
cells in samples of both primary and daughter cultures [13].
Cultures grown on fibronectin-coated cover slips were incu-
bated in basal medium with Dil-acetylated-LDL (10 g/m1) for
four hours at 37°C. The cells were then washed, mounted and
examined with a Diaphot microscope equipped with an epiflu-
orescent rhodamine filter. Only those cells showing Dil-Ac-
LDL endocytosis were considered to be endothelial in origin.
(b) Factor Vill-related antigen. Preconfluent colonies grown
in basal medium on HFN coated glass coverslips (16 mm
diameter) were examined by indirect immunofluorescence for
the presence of factor VIlI-related antigen. After fixation in
acetone for one minute, the cells were washed thrice with PBS
and preincubated for 30 minutes with 1% rabbit IgG to avoid
nonspecific binding [15]. They were then incubated with rabbit
anti-human factor VIII (1:10 to 1:80 dilution) for 30 minutes,
washed thrice again with PBS and exposed to fluorescein-
conjugated (FITC) swine-anti-rabbit IgG (1:20 dilution) for 30
minutes. All incubations were held at room temperature. Prep-
arations of endothelial and mesangial cells were compared.
Endothelial cells from bovine pulmonary artery served as
positive control and cells incubated with only the secondary
antibody served as negative control. Preparations were
mounted in a 1:9 solution of glycerol in PBS and examined
microscopically using a B2A epffluorescent filter.
c. Ulex europaeus, cytokeratin, actin and myosin. Similar
immunofluorescent assays used specific antibodies to test for
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Fig. 3. Signals obtained by fluorescence-activated cell sorting (FACS)
of a primary human glomerular culture exposed to 10 gg/ml of
Dil-Ac-LDL. Horizontal scale: fluorescence intensity (arbitrary units).
Vertical scale: top, relative cell number; bottom, relative cell size.
Mesangial cells cluster left and endothelial cells right of the vertical line.
the presence of Ulex europaeus, cytokeratin, actin and myosin
[16, 17].
3. Electron microscopy. Human glomerular endothelial cell
monolayers grown on HFN-coated plastic were fixed in situ and
prepared for transmission electron microscopy of thin sections
as previously described [18].
4. Angiotensin I-converting enzyme (A CE) activity. ACE
activity was assayed on monolayer cultures utilizing 3H-ben-
zoyl-phe-ala-pro as substrate [191. The cells were washed three
times with S ml of calcium- and magnesium-free PBS, mechan-
ically harvested and suspended in 500 Mi of 0.05 M Hepes buffer
pH 7.5, containing 1% Triton-X. The suspension was vortexed
and preincubated at 37°C for 30 minutes. For qualitative assays,
50 p.l samples of cell suspension or serial dilutions thereof were
incubated with 50 d of tritiated substrate (100,000 cpm/S0 gl;
specific activity 20 Ci/mmole) at 37°C in a shaking waterbath for
Mitogen
Stimulation index
2% FBS 20% FBS
HepG2 1:1
ECGF + heparin
ECGF
PDGF
Acidic FOF + heparin
Acidic FGF
Basic FGF + heparin
Basic FOF
Heparin
1.29 0.17
1.48 0.09
1.47 0.25
1.04 0.05
1.23 0.11
1.13 0.24
1.46 0.20
1.31 0.19
0.97 0.16
(N = 8)(N = 8)t(N = 9)b(N = 8)(N = 7)(N = 3)(N = 7)b(N = 6)(N = 5)
1.54 0.29
2.50 0.28
1.30 0.20
1.08 0.12
1.33 0.18
1.60 0.17
1.11 0.19
0.82 0.07
1.34 0.07
(N = 6)(N =
(N = 7)(N = 7)(N = 9)(N = 4)(N = 6)(N = 6)(N = 5)
Data are means SE of 3 to 9 separate experiments as indicated in
parenthesis. Cells at passages 1 to 5 were plated in HFN coated wells.
The stimulation index indicates the ratio of 'H-thymidine incorporation
in cells in the presence of mitogen vs. cells incubated in basal medium
with 2% or 20% FBS. Concentrations of mitogens were ECOF 200
jsg/ml, heparin 100 g/ml, PDGF 2 ng/ml, acidic 40 ng/ml and basic FOF
1 ngiml.
a P < 0.01 versus all other conditions
P < 0.05 versus PDGF, heparin, acidic FOF, HepG2
Table 4. Effect of surface matrix on human glomerular endothelial
cell count
Surface Cell count x 10'
Plastic 21.6 1.9
Human fibronectin 67.2 4.3
Laminin 36.5 7.4
Gelatin 38.9 4.6
Data are means sa of 2 separate experiments with 3 to 6 wells
counted in each experiment. Cells at passage 4 were grown in basal
medium supplemented with 200 tg/m1 ECGF and 100 jig/mI heparin.
a P c 0.001 versus plastic
b P C 0.01 versus gelatin and laminin
15 minutes. For quantification, approximately 80,000 dpms of
tritiated peptide were added to 1 ml of cell suspension. Serial 50
pi aliquots were removed at time 0 and at 15 minute intervals
for 120 minutes. The reaction was stopped by adding 1 ml of 0.1
N HCL. The activity present in the organic phase was counted
in toluene omnifluor. Activity was expressed in moles per million
cells per minute. Human mesangial cells served as negative
control [5], and replicate flasks without cells served as blank. In
the absence of an ACE inhibitor, ACE activity can be taken as the
difference between endothelial and mesangial cell activity.
5. Functional assays. The functional characteristics of the
cultured human glomerular endothelial cells was further evalu-
ated by measuring changes in intracellular guanosine 3'-S'
cyclic monophosphate (cyGMP), and intracellular free calcium.
These assays were performed on confluent cells at passages 2 to
5. Intracellular cyclic GMP was measured in cells incubated for
two minutes at 37°C in the absence and in the presence of 10 tM
ANP using a commercial radioimmunoassay kit from Biomed-
ical Technologies (Stoughton, Massachusetts, USA) [5]. Intra-
cellular free calcium was measured in cells loaded with 1 mM
fura-2/AM [20]. Fluorescence was measured with dual wave-
length spectrofluorimetry (Fluorolog 1681, Spex Industries
Inc., Edison, New Jersey, USA) with 340/380 ratios converted
to intracellular free calcium by the formula of Grnykiewicz,
Table 3. Effect of mitogens on human glomerular endothelial cell 'H-
thymidine incorporationI-
a,
.0
E
C
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C.,
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a)N
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a)
C.)
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>
4-
CU
a,
0 200 400 600
Fluorescence intensity, arbitrary units
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Fig. 4. Postconfluen: culture of human glomerular endoihelial cells develops tube-like structures.
Poenie and Tsien [211. Intracellular free calcium was measured
in resting cells and in the presence of thrombin (1 U/mI) [22].
Control cultures
For comparison, endothelial cells isolated from bovine pul-
monary artery were maintained in culture according to methods
previously described [23]. Cultures of glomerular mesangial
cells were separately developed by cloning cells retrieved from
the 52 m filtrate described above. The cells were plated onto
plastic flasks and maintained in RPMI 1640 medium supple-
mented with 20% FBS, insulin, transferin and selenium (ITS
Premix) [24]. Human mesangial cell monolayers were identified
by their typical "stellate" morphology and by the presence of
myosin or actin by indirect immunofluorescence studies.
Statistical analysis
Data are expressed as means SE. Student's t-tests and
analysis of variance using Fisher's least significant difference
test were used [25].
Results
Primary cultures
Tables 1 and 2 present the effects of collagenase treatment
and mitogens on glomerular attachment and cell outgrowth
from human and baboon glomeruli. With collagenase treatment,
glomeruli attached within 24 to 72 hours with cellular outgrowth
evident one to eight days later and cobblestone microcolonies
sufficient for patch cloning available 10 to 20 days after initial
plating. Without collagenase treatment, this process was mark-
edly delayed (Table 1); moreover, the yield of endothelial cells
was usually insufficient to develop adequate cell lines when
glomeruli were plated in the presence of PDGF, HepG2-
conditioned medium or the combination of ECGF and heparin
(Table 2). In contrast, in the presence of ECGF and heparin,
more than 70% of the primary cells growing out of collagenase-
treated glomeruli were Dil-Ac-LDL positive when assessed at 7
to 10 days. The same pattern of cell growth was observed with
primary cultures of baboon glomeruli (Table 2).
The morphologic sequence of endothelial cell outgrowth from
collagenase treated human glomeruli is shown in Figure 1. After
two to four days in culture, clusters of cells formed a ring-like
pattern (Fig. la) typical of capillary endothelial cells [11], or
grew in cylindrical formation (Fig. ib) to form microcolonies of
approximately 50 to 100 cells after four to ten days that were
closely apposed and developed a cobblestone appearance (Fig.
ic). After cloning, these microcolonies progressively expanded
with a well organized growth front (Fig. ld) and reached
confluence at 15 to 20 days displaying the characteristic cob-
blestone morphology of macrovascular endothelial cells (Fig.
2).
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Fig. 5. Senescent glomerular endothelial cells after 6 passages. Cells appear enlarged, separated, rounded and vacuolated.
Purification and propagation
Purification to homogeneity was achieved without the use of
proteolytic enzymes by mechanical patch cloning after visual
selection under phase contrast microscopy of homogeneous
colonies. Alternatively, FACS of preconfluent colonies ex-
posed to Dil-Ac-LDL was used. Figure 3 shows the fluorescent
signals obtained with a mixed primary culture of human gb-
merular cells after incubation with Dil-Ac-LDL. In this primary
culture, 71% of the cells behaved like endothelial cells. Glomer-
ular endothelial cells emitted fluorescence averaging 356 88(N = 9) arbitrary units, whereas mesangial cells emitted fluo-
rescence with an intensity of 47 15 units (N 7; P C 0.001),
The uptake of Dil-Ac-LDL did not appear to interfere with
proliferation, as clones exposed to Dil-Ac-LDL were success-
fully passaged without obvious changes in morphology detect-
able by phase contrast microscopy or in function as detected by
the presence of factor VITI-related antigen or ACE activity.
Fluorescent Dil-Ac-LDL was passed onto daughter cells as late
as passage 6 and provided a convenient method of follow-up.
FACS of preconfluent colonies exposed to Dil-Ac-LDL allowed
for rapid purification of endothelial cells but required 5 to 10 x
106 cells with less than 20% recovery.
Confluent cultures were passaged in a 1:3 ratio. Daughter
cultures exhibited the same typical cobblestone morphology
described above for primary cultures. Confluent cultures that
were not passaged remained packed; cells did not overgrow
each other, unlike mesangial cells at confluence; but tube-like
structures developed in post-confluent monolayers (Fig. 4).
Proliferation often tended to slow after 5 or 6 passages.
Whether or not the cells had been exposed to Dil-Ac-LDL, they
tended to become enlarged, round, vacuolated, isolated, and
were often unable to reach confluence even when plated at a
high density (Fig. 5).
Transverse sections in the electron microscope appeared as
shown in Figure 6. The cells were elongated and thin except in
the region of the nucleus and grew as a monolayer. The cells
contained abundant intracellular organelles (Fig. 6a) and dis-
played Weibel-Palade bodies (Fig. 6b). Caveolae and microvil-
bus projections were present at the apical surface (Fig. 6c). At
the junction of two cells, simple or elaborate interdigitations
were seen (Figure 6d).
To determine the optimal conditions for growth, the prolifer-
ative effects of various mitogens and FBS on human glomerular
endothelial cells in culture were determined using tritiated
thymidine incorporation and total cell counts. Table 3 compares
the effects of specific mitogens on 3H-thymidine incorporation
in human gbomerular endothelial cells incubated in basal me-
dium containing 2% or 20% FBS. In 2% FBS, 3H-thymidine
incorporation was increased 46 to 48% with basic FGF in the
presence of heparin or ECGF with or without heparin. In 20%
FBS, PDGF, HepG2 conditioned medium, acidic or basic FGF,
alone or with heparin, did not stimulate growth significantly. In
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Fig. 6. Transmission electron microscopy of human glomerular endothelial cells in monolayer culture sectioned transversely. The culture flask is
at the lower edge of each figure; (A) nucleus and cytoplasmic organdIes (x 18,200); (B) Weibel-Palade bodies near upper surface of endothelial cells
and mitochondria (x43,700); (C) upper surface of endothelial cell showing caveolae and microvillous projections (X23,000); (D) elaborate
junctional interdigitations between two endothelial cells (x 18,200).
contrast, 3H-thymidine incorporation was markedly enhanced
by the combination of heparin and ECGF (P < 0.01). Total cell
counts obtained in parallel studies concurred with the above
results. Figure 7 illustrates a representative growth study of
glomerular endothelial cells at passage 2 cultured on HFN in
basal medium with ECGF and heparin in the absence and in the
presence of 2, 10, or 20 percent PBS. In the absence of FBS,
cells did not proliferate; proliferation was modest with 2 or with
10 percent FBS; whereas, cell count tripled in seven days with
20 percent FBS.
The effects of surface matrix on cell proliferation are pre-
sented in Table 4. Cell counts increased when human glomer-
ular endothelial cells were plated onto gelatin, laminin or
HFN-coated surfaces versus plastic. The increase in cell num-
ber was most evident with HFN (P < 0.001).
Table 5 presents the influence of age of the kidney donor on
the interval necessary for endothelial cell outgrowth and devel-
opment of confluent endothelial cell rnonolayers. The younger
the kidney donor, the more rapid the attachment of glomeruli
and the formation of endothelial cell microcolonies. Endothelial
cell proliferation was two to three times faster with young than
with adult kidneys, and initiation of endothelial cell cultures
was generally unsuccessful with kidneys obtained from donors
more than 60 years old.
Identification of cultured cells
In addition to their cobblestone morphology at confluence
and the presence of Weibel-Palade bodies characteristic of
human endothelial cells [17], glomerular cells stained positive
by indirect immunofluorescence for factor Vill-related antigen,
Ulex europaeus and F-actin, and by fluorescent microscopy for
endocytosed acetylated LDL (Fig. 8). Factor Vill-related anti-
gen was seen as a typical punctate uptake diffusely distributed
on the cell surface (Fig. 8a). More than 99% of cells in
homogeneous monolayers endocytosed Dil-Ac-LDL in a pen-
nuclear fashion (Fig. 8b). The cells were also positive for Ulex
europaeus (Fig. 8c), a lectin which has been shown to bind to
the glycocalyx of human endothelium [17]. The same cells
showed the presence of actin in a peripheral cell distribution
(Fig. 8d) and were negative for cytokeratin. The same immu-
nofluorescent patterns were observed with cells derived from
baboon glomeruli.
By contrast, human glomerular mesangial cells were readily
recognizable by their stellate or strap-like appearance. They
exhibited no immunofluorescent staining when tested for factor
Vill-related antigen, Ulex europaeus or cytokeratin. They were
positive for F-actin and myosin in a diffuse cytoplasmic distri-
bution. Mesangial cells were capable of endocytosing native
S
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Table 6. Angiotensin I-converting enzyme activity
Cell type Passage mol/l06 cells/mm
Baboon glomerular
endothelial cells (N = 4)
Human glomerular endothelial
cells (N 5)
Human glomerular mesangial
cells (N 2)
Bovine pulmonary artery
endothelial cells (N = 6)
0—2
3—5
5—10
11—14
1.1 0.07 x 10-t2a
0.7 0.08 x lO_12a
0.16 0.05 x 102
5.8 0.02 x i02
Fig. 7. Effects of different concentrations of FBS in basal medium
supplemented with ECGF and heparin on growth of human glomerular
capillary endothelial cells at passage 2. Cells were plated at a density of
10,000 cells/well.
Table 5. Effect of age of kidney donor on interval (in days)
necessary for glomerular outgrowth and development of primary
endothelial cell cultures from human glomeruli
Donor age years
1—20 20—40 40—60 >60
N 5 3 12 3
Cell outgrowth 2—5 5—10 8—12 a
Cobblestone 5—12 12—16 16—20 a
microcolonies
Confluence 8—15 15—23 23—30 a
Collagenase treated glomeruli were plated onto HFN-coated flasks in
basal medium.
a No growth
LDL, but showed little uptake, two orders of magnitude less
than endothelial cells, for acetylated LDL.
Measurements of ACE activity are presented in Table 6.
Activity in human and baboon glomerular endothelial cells was
low but readily detectable, averaging 0.70 0.08 picoinol/106
cells/mm and 1.1 0.07 picomol/106 cells/mm, respectively,
versus 0,16 0,05 picomol/l06 cells/mm in human mesangial
cells (P <0.001). For comparison, ACE activity was five times
greater in simultaneously tested bovine pulmonary artery en-
dothelial cells.
The results of functional assays are presented in Table 7.
After two minute incubation with 10 M ANP, mean intracel-
lular CyGMP trebled from a baseline value of 9.4 1.4 to 26.4
1.1 pmol/mg protein in glomerular endothelial cells. In
parallel experiments in human glomerular mesangial cells, ANP
did not increase cyGMP significantly. Exposure of endothelial
cells to thrombin resulted in a peak increase in intracellular free
calcium from 80.9 9.6 to a peak value of 480 18 nrvi.
Discussion
At least four factors were identified in the present study to
enhance the reproducible growth of human glomerular endothe-
hal cells in culture: 1) collagenase treatment of isolated glomer-
a P <0.001 vs. mesangial cells and pulmonary artery endothelial cells
Table 7. Functional assays with and without agonists in human
glomerular endothelial cells
Cyclic GMP pmol/mg/prot
Baseline ANP
9.4 1.4 26.4 1.1
Intracellular free calcium nM
Baseline Thrombin
80.9 9.6 480 18
Data are means SE of 6 experiments. Concentrations of agonists
were 10 M for ANP and I U/mi for thrombin.
uli; 2) a need for both serum and specific growth factors; 3)
specific surface matrix requirement for in vitro attachment and
cell multiplication; and 4) the age of the human kidney donor.
Although endothelial cells did grow from intact glomeruli not
treated with collagenase, the yield was low and usually inade-
quate to develop homogeneous preparations. Collagenase treat-
ment apparently had a dual action: 1) it accelerated the attach-
ment of glomerular fragments and 2) it selectively enhanced the
proliferative outgrowth of endothelial cells when ECGF and
heparin were present in the culture medium. Under these
conditions, the endothelial composition of the primary cell
outgrowth from baboon and human glomeruli routinely ex-
ceeded 70%; and homogeneous monolayers of pure glomerular
endothelial cells were reproducibly developed within one
month.
Our observations with potential growth factors confirm the
findings of Macjag et al 1112] for human macrovascular endothe-
hal cells. Proliferation required a high concentration of serum
and, in 20% FBS, was optimized by the addition of ECGF and
heparin. In 20% FBS, we found no significant effect of other
growth factors on glomerular endothelial cell growth.
The study demonstrates the need to use a modified surface
matrix for continuous propagation in vitro. Proliferation of
human giomerular endothelial cells was significantly and spe-
cifically enhanced on HFN when compared with gelatin, lami-
nm or plastic surfaces. FN may convey growth regulatory
information to endothelial cells by its capacity to support
tension-dependent alterations in cell shape [261. Finally, at least
for human kidneys, the age of the donor was an important
variable in the successful outcome of glomerular endothelial
monolayers.
Purification and development of homogeneous monolayers of
glomerular endothelial cells was achieved by patch cloning or
by FACS. FACS, however, was not efficient for purification
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Fig. 8. Ident(fication of human glomerular capillary endothelial cells. Fluorescence staining of cells exposed to (A) antiserum against factor
Vill-related antigen (passage 3); (B) Dil-Ac-LDL (passage 3); (C) antiserum against Ulex europaeus (passage 4); and (D) antiserum against actin
(passage 4).
purposes. Patch cloning was more productive, although much
more tedious and investigator demanding than FACS. Daily
microscopic examination of the cultures was necessary to clone
homogeneous microcolonies early and rapidly identify and
separate contaminating mesangial cells. Repeated cloning was
usually needed to purify endothelial cells and permit homoge-
neous endothelial cell monolayers to develop. With patch
cloning, we were able to develop homogeneous endothelial cell
monolayers from 20 of 23 human kidneys.
The endothelial nature of the glomerular cells grown to
homogeneity was verified by their morphologic, immunohisto-
logic and biochemical properties which readily differentiated
them from glomerular mesangial cells. The cells contained
Weibel-Palade bodies, were positive for factor Vill-related
antigen, and for Ulex europaeus, a lectin specific to human
endothelium [17]. They stained only in a peripheral distribution
for actin and were negative for myosin and cytokeratin. They
endocytosed acetylated-LDL, a property shared by endothelial
cells and scavenger macrophages [13]; ACE activity, a specific
endothelial function, was low when compared to large vessel
endothelial cells but detectable. This low level of activity is
consistent with the limited expression of ACE activity present
in other capillary cells, such as human pulmonary capillaries
[27]. Other functional characteristics of endothelial cells were
demonstrated in the ability of the cells to generate cyclic GMP
in response to ANP and increase intracellular free calcium in
response to thrombin [22].
Limitations remain in the long term maintenance of glomer-
ular capillary endothelial cells, as only two preparations
reached passage 10 without morphologic or histochemical dedif-
ferentiation. Both were isolated from young donors, 2 and 12
years old, respectively. In most instances, at passages 5 to 7,
the cells became enlarged, rounded, vacuolated, isolated from
adjacent cells and ceased to proliferate despite the provision of
high concentrations of ECGF (up to 300 jg/ml; Fig. 5). These
limitations in long term propagation were not the result of using
trypsin-EDTA for passaging cells since we did not use proteo-
lytic enzymes in this study. Similar shortcomings were experi-
enced by other investigators who used trypsin-EDTA [3, 5]. A
possible explanation for the early senescence and finite lifespan
of endothelial cells in vitro, and their failure to respond to
exogenous growth factors can be found in the recent demon-
stration by Maier et al [281 that senescent, but not young,
human umbilical vein endothelial cells contain high amounts of
the transcript for the cytokine interleukin-(IL)-la, a potent
inhibitor of endothelial cell proliferation in vitro. In contrast,
spontaneously transformed umbilical endothelial cells, which
do not require exogenous growth factor supplements for prolif-
eration, do not contain detectable IL-la messenger RNA.
Moreover, treatment of endothelial cells with an antisense
1
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oligodeoxy-nucleotide to the human IL-i a transcript prevented
cell senescence and extended proliferative life span of the cells
in vitro; and removal of the IL-la antisense oligomer resulted in
the generation of the senescent phenotype and loss of prolifer-
ative potential [28]. A similar mechanism may apply to human
glomerular endothelial cells and explain differences in culture
outcome in relation to the age of the human kidney donor.
Nevertheless, definition of the conditions necessary for the
reproducible development and propagation of homogeneous
cultures of primate glomerular capillary endothelial cells is
important for further functional characterization, studies on the
interactive roles of endothelial cells with other human glomer-
ular cell types or, as recently demonstrated, for infectivity
studies of human glomerular endothelial cells by human immu-
nodeficiency virus in vitro 1291.
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